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Abstract 

In this paper we investigate the phenomenological implications of boundary localized 
terms (BLTs) in the model of Universal Extra Dimensions (UED). In particular, we 
study the electroweak Kaluza-Klein mass spectrum resulting from BLTs and their effect 
on electroweak symmetry breaking via the five dimensional Higgs mechanism. We find 
that the addition of BLTs to massive five dimensional fields induces a non-trivial extra 
dimensional profile for the zero and non-zero Kaluza-Klein (KK) modes. Hence BLTs 
generically lead to a modification of Standard Model parameters and are therefore ex- 
perimentally constrained, even at tree level. We study Standard Model constraints on 
three representative non-minimal UED models in detail and find that the constraints on 
BLTs are weak. On the contrary, non-zero BLTs have a major impact on the spectrum 
and couplings of non- zero KK modes. For example, there are regions of parameter space 
where the Lightest Kaluza-Klein particle (LKP) is either the Kaluza-Klein Higgs boson 
or the first KK mode of the W 3 . 



1 Introduction 



In models with an Universal Extra Dimension (UED) pQ, all Standard Model particles 
are promoted to 5 dimensional fields propagating in a flat extra dimension!]] The extra 
dimension is chosen to be the orbifold S ,1 /Z 2 , and with the appropriate boundary con- 
ditions one can obtain chiral fermions and avoid the massless scalar modes associated 
with the zero modes of the extra gauge field components. Due to the Z 2 symmetry, the 
interactions between the Kaluza-Klein (KK) modes respect a Z 2 parity called KK parity. 
KK parity implies that Kaluza Klein particles can only be produced pairwise, leading 
to a lower bound on the KK mass scale (Mkk) of about 500 GeV, which can be probed 
by the Large Hadron Collider. Furthermore, KK parity guarantees the stability of the 
lightest Kaluza-Klein particle (LKP), thus providing UED with a dark matter candidate. 

At tree-level, UED is a simple extension of the Standard Model with only two exper- 
imentally undetermined parameters: the compactification radius R and the Higgs mass 
m-h. However, since UED is a 5 dimensional theory, it is non-renormalizable and therefore 
should be considered to be an effective field theory. The cutoff for UED can be estimated 
by naive dimensional analysis to be A ~ 50Mkk |3J, where the Kaluza-Klein mass scale 
Mkk = 1/R is set by the compactification radius Ru Treating UED as an effective field 
theory implies that all operators that are allowed by the Standard Model gauge sym- 
metries and 4 dimensional Lorentz invariance should be included in the theory. Such 
operators can be in the bulk or localized at the orbifold fixed points so there are many 
more undetermined tree level parameters than {R,rrih). 

To our knowledge, all phenomenological UED studies of bounds from colliders [5], 
electroweak precision [BJ, flavor changing neutral currents and other precision mea- 
surements [9] have focused on either the tree level couplings and mass spectrum of UED 
without boundary localized terms (which we will refer to as "standard" UED) or on the 
one loop modified mass spectrum and couplings of Minimal UED (MUED) [10]. In the 
MUED scenario, all boundary localized terms are assumed to be zero at the cutoff scale 
A and are induced at low scales due to renormalization group evolution. Studies of UED 
dark matter [11] [12] [131 El often make less strong assumptions about the details of the 
KK mass spectrum, but assume that the couplings of the first KK level excitations are 
identical to those of the Standard model. A further important task is to distinguish UED 
from other Standard Model extensions [T5]. If beyond the Standard Model signals are 
found at the LHC, they should be studied in the full UED parameter spaceJl 

In this article, we study the phenomenological impact of including boundary localized 
terms (BLTs) for the electroweak sector of UED. The electroweak sector is of interest 
because it hosts many of the phenomenologically viable dark matter candidates: the first 
KK mode of the B gauge boson B^ 1 ', the first KK mode of the neutral component of 
the W gauge boson H^ 1 **, the first KK mode of the Higgs boson h^ 1 ' and the electrically 

1 For pre-dating ideas closely related to UED models see Refs. [2]. 

2 Studies of unitarity bounds on heavy gluon scattering also impose bounds on the number of KK 
states included in the effective 4D theory, typically implying A < O(10)Mkk [!]■ 
3 For a detailed review on the current status of UED, see Ref. [16] . 
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neutral pseudoscalar Higgs boson a 0< - 1 - ) Q The BLTs we consider are boundary localized 
kinetic terms for the B and W gauge bosons and boundary localized kinetic, mass, and 
quartic terms for the Higgs boson. Of the possible additional effective operators that 
are compatible with 4 dimensional Lorentz invariance and the Standard Model gauge 
symmetries, these BLTs have the lowest mass dimension. We find that the zero mode 
wavefunctions of the massive 5 dimensional fields with BLTs are not generally flat, which 
in UED generically leads to modified zero mode couplings. As the zero modes of the 5 
dimensional fields are to be identified with the Standard Model, these modifications 
translate into constraints on the size of these boundary localized operators. We find 
these constraints are weak, leaving regions of allowed parameter space where the LKP 
is the KK Higgs hP> and other, extended regions in which the LKP is W 3 W-like. We 
would like to emphasize that our analysis is complementary to that of MUED in Ref. [TO] 
because we assume that the effects of BLTs dominate those induced by loop effects and 
our analysis is purely at tree level. 

The article is organized as follows: in Section [2] we provide a brief review of the 
"standard" UED model. We concentrate on the structure of the KK decomposition and 
the basic relations between the 4 dimensional and 5 dimensional masses and couplings 
in order to compare them to the modified relations established in the latter part of the 
paper. To include BLTs in UED we need to KK expand the extra dimensional fields in 
the presence of BLTs and extend the standard UED gauge fixing procedure of Ref. [T7] 
to identify the physical Higgs and Goldstone modes at each KK level. 

In Section [3] we consider the toy model of a massive 5 dimensional scalar field on 
S1/Z2 with boundary localized kinetic terms (BLKTs) and boundary localized mass 
terms (BMTs) to demonstrate the effect of BLTs on the wavefunctions of an extra di- 
mensional field. We find that the mass spectrum and wavefunctions are significantly 
modified by BLTs. In particular, the wavefunction of the zero mode becomes non-flat. 
The transcendental equations that determine the scalar KK mode masses in Ref. [18] are 
modified due to the additional 5 dimensional bulk mass parameter. These KK mode mass 
relations, wavefunctions and normalizations remain the same for gauge fields and hence 
can be translated directly into those for the electroweak sector. A generalization of the 
UED gauge fixing procedure necessary for the identification of the boundary conditions 
of the physical Higgses and a is worked out in the Appendices |A] and [B] In particular 
we determine the Goldstone's, pseudoscalar's, and charged Higgs bosons' equations of 
motion and their boundary conditions in unitary gauge. From their boundary conditions 
we are able to determine the mass spectrum of the pseudoscalars and their couplings. 

In Section H] we use these results to present the KK decomposition of the complete 
electroweak sector in UED and the modifications of couplings of the KK modes as well 
as the zero modes. Using these mass relations and couplings we discuss the phenomeno- 
logical consequences of the BLTs in Section We study three sample scenarios in detail 
in order to illustrate the constraints and novel phenomenology of non- minimal UED. In 

4 The KK neutrino J''- 1 ) is experimentally disfavored, if standard UED couplings are assumed. Direct 
detection limits on a KK neutrino scattering off a nucleon through a t-channel Z boson puts a bound 
of My 1 -* > 50TeV [IT], while requiring that the KK neutrino does not over close the universe requires 
m1 1] < 3TeV rrj. 
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scenario I, we assume uniform electroweak BLKTs and vanishing Higgs boundary mass 
and quartic terms, while in scenario II we allow the Higgs BLKT to differ from the uni- 
form gauge BLKT, and in scenario III we allow the U(l)y and SU(2) BLKTs to differ. 
For each of these scenarios we match the tree-level zero mode masses and spectra to that 
of the Standard Model to constrain the size of the BLTs. For scenario I, the LKP is the 
KK photon, while for scenario II there are regions of allowed parameter space with a 
Higgs LKP. For scenario III, the LKP is the W 3 in most of the parameter space. Finally 
in Section Owe conclude. 



2 UED mass spectrum and couplings: a mini review 

In this section we briefly review the theoretical setup of universal extra dimensions (UED) 
and discuss its mass spectrum and couplings in the absence of large BLTsE] 



2.1 UED at tree level 

The UED bulk action on S x jTLi is 

SuED,bulk = S g + Sh + Sf (1) 

with 

s 9 = J ^ (-^<^^ N - ^^ N w^ - ^b ms b^ (2) 

S H = J d 5 x ((D M H) ] (D M H) + jl 2 H ] H - X(H ] H) 2 ^j (3) 
S f = J d 5 x (ffj M D M f + (X E LEH + XuQUH + X D QDH + h.c.) ) (4) 

where 25 = y G [0, 7rR], Gmn, Wmn, Bmn are the 5 dimensional SU(3)c x SU(2)w x 
U{l)y gauge field strengths, / = (Q, U, D, L, E) denote the 5 dimensional fermion fields, 
Dm is the corresponding 5 dimensional covariant derivative and the hatted quantities 
denote the 5 dimensional couplings. 

In order to obtain the Standard Model spectrum at the zero mode level, Neumann 
boundary conditions are imposed on the H, G^, W^, B^, Q L ,L L , Ur, D r , E r fields while 
Dirichlet boundary conditions are imposed on the G§ , W[, B 5 , Q R , L R , Ul, D l , E l fields. 
If no boundary terms are present, all bulk fields can be decomposed in terms of the 
same KK mode basis {/^} oc {sm(ny/nR), cos(ny/nR)}^ Integration over the extra 
dimension yields the effective 4 dimensional action in terms of the Standard Model 
and its KK partners. Matching the zero mode masses and couplings to the Standard 
Model fixes all 5 dimensional parameters in terms of the Standard Model observables 



5 See Refs. [UHS]. 

6 For details on the fermion decomposition see Ref. [7]. 
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multiplied by the appropriate factors of ttR.. The only free parameters at tree level are 
the compactification radius R and the Higgs mass m^. 

At the non-zero KK levels, the spectrum contains a partner for every Standard Model 



particle with a mass m$(n) = y(n/R) 2 + m| (0) , where m.| (0) is the corresponding zero 

mode mass. In addition to these fields, at each non-zero KK level a charged Higgs a* 1 and 
a pseudoscalar Higgs a are also present. The extra Higgs bosons are present because at 
the n th KK level there are eight scalar degrees of freedom due to the W^ n \ and 
the Higgs boson H^ n \ A linear combination of four of these scalars form the longitudinal 
components of the and gauge bosons. The remaining four degrees of freedom 

form the KK Higgs boson h^ n \ the charged Higgs a ±(n ) and the pseudoscalar Higgs a ^ 

with masses m h ( n ) = J (n/R) 2 + m 2 h(0) , m a ±{ n ) = m w ±( n ), and m a o(u) = m Z ( n ). Hence the 

particle spectrum at any non-zero KK mode is almost degenerate. A detailed discussion 
of the electroweak sector including the identification of the Goldstone and the physical 
Higgs mode and their KK decomposition can be found in Ref. [17]. It is important to 
note that in the electroweak sector, mixing occurs between B^f* and as well as 

in the Goldstone - Higgs sector. In the absence of BLTs, the KK bases of all fields are 
identical and therefore orthogonality guarantees no mixing between different KK-levels. 
All non-zero tree-level couplings of the heavier KK modes are the same as those of the 
zero mode as long as the vertex satisfies KK number conservation. KK number is violated 
at loop level but Z 2 symmetry guarantees the stability of the lightest KK particle. 

2.2 UED as an effective field theory 

As a five dimensional quantum field theory, UED is non-renormalizable and should be 
considered to be an effective field theory. Naive dimensional analysis suggests that a 
perturbative description of UED is valid up to the energy scale A ~ 50 /R [3]. Studies 
of unitarity bounds on heavy gluon scattering also impose bounds on the number of 
KK states included in the effective 4D theory, typically implying A < O(10)M KK [4]. 
Hence for a phenomenologically interesting compactification radius of R^ 1 ~ 1 TeV, 
the cutoff of the theory is relatively low. Without a better understanding of the high 
scale completion of UED we cannot a priori neglect allowed operators, but we should 
instead try to use experimental data to put constraints on the size of these operators. 
The set of operators that agree with 4 dimensional Lorentz invariance, Z 2 parity, and 
the gauge symmetries of the Standard Model include higher dimensional operators in 
the bulk and boundary localized operators at the fixed points of the S' 1 /Z 2 compactified 
extra dimension. 

Boundary localized operators contain the lowest dimensional operators beyond the 
"standard" UED operators and therefore should be included in any realistic phenomeno- 
logical treatment of UED. Furthermore, even if the BLTs are set to zero at tree-level, 
they will be generated at the one-loop level [T01IT5] . In particular, every bulk term in the 
action in Eq. ([T]) can be accompanied by a corresponding boundary localized operator 
at each orbifold fixed point, and the size of these boundary localized operators needs to 
be equal due to Z 2 symmetry. The most studied effective field theoretic description of 
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UED is "Minimal" UED [TU|. In MUED there are three undetermined parameters: the 
compactification scale -R -1 , the Higgs mass and the cutoff scale A. All the BLTs are 
assumed to vanish at the cutoff scale A but are induced by RG running from A down 
to the electroweak scale. The RG evolution of the bulk and boundary terms induces sig- 
nificant changes in the particle spectrum and lifts some of the degeneracies of tree-level 
UED. One of the most striking features of the one-loop corrected mass spectrum is that 
the Weinberg angle differs for different KK levels. The LKP, being the lighter eigenstate 
of the — W 3 ^ system, turns out to be almost purely 

In this paper we assume large BLTs at the electroweak scale and study the impact 
of including these terms on tree-level Standard Model observables. This setup is non- 
minimal because we relax the assumption of vanishing BLTs at the cutoff scale. 

3 Boundary localized terms for massive bulk fields 

When compactifying a higher dimensional field on a flat manifold, the KK modes can 
be understood as discrete eigenstates of momentum in the extra dimension. KK number 
conservation in interactions is a remnant of five dimensional momentum conservation. 
BLTs violate 5 dimensional translational invariance and therefore induce mixing between 
the modes of well defined KK number. If the BLTs are sufficiently suppressed they can 
be treated as perturbations and dealt with as mass insertions. Since we want to allow for 
large BLTs, the mass insertions due to BLTs can no longer be treated perturbatively. 

The problem of boundary localized kinetic terms (BLKTs) in 5 dimensional theories 
has been addressed in Refs. [T5J EDI EE] • In Ref . [T5] , it was shown that a 5 dimensional 
massless scalar field $ with a localized brane kinetic term at y — of the form 



can be decomposed into KK modes by demanding that its wavefunctions f n satisfy the 
modified orthogonality relations 



where m$(„) is the n th KK mode mass. Ref. [20] showed that the same prescription works 
for massless gauge fields. The inclusion of a second brane at ttR due to the Z 2 symmetry 
just changes 8(y) to [8(y) + 5(y — ttR)} in Eq. ([6]). Including BLKTs reduces the non- 
zero KK mode masses to values below those of "standard" UED. The zero mode is still 
massless and zero mode wavefunctions are still flat. 

Using these results we can now consider the case of a massive 5 dimensional scalar 
which has both boundary localized mass terms and boundary localized kinetic terms. 
The bulk action on S ,1 /Z 2 is 




(5) 




(6) 




(7) 
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which leads to the equation of motion 



(n-dj + m 2 )® = 0. (8) 
Using separation of variables we decompose the 5 dimensional scalar into the form 

*{z,y) = £> w (aO/i(y), (9) 

i 

so that the equations of motion are 

= -m^^ix) (10) 
fdv) = -(rni-m*)M = -M*M. (11) 

Due to S 1 /Z 2 symmetry, the solutions to Eq. (TTTT) are odd or even under Z 2 and are 
given by 

cosh( M a (y-^)) 

coch(V fl ) aeVeI1 
fa = N a { ainh i M Jy-m) ( 12 ) 

- — - fL ^ z a odd 



cosfty*) neven 

n odd 



where the physical masses are 



m l = -M 2 a + m 2 

,2 i\jr2 i _2 



mi = M 2 n + m\ (14) 



and we use lower case Greek indices for the hyperbolic solutions and lower case Latin 
indices for the trigonometric solutions^ 

So far, our discussion has been independent of the BLTs, which enter in two ways. 
First, BLTs modify the normalization conditions that determine the coefficients iVo, and 
N n . Second, they modify the variation of the action on the boundary. In order to find 
a consistent solution, the bulk and the boundary variations of the action must vanish. 
The boundary variation has contributions from the bulk via partial integrations in y and 
directly from the variation of BLTs. Requiring that the boundary variation vanish leads 
to boundary conditions on $, which result in a quantization condition on Mj. 

Adding the following BLTs 

Sbd=\J d 5 x (rtPQdpQ - m^ 2 ) [<%) + 5(y - ttR)], (15) 

7 Depending on the choice of boundary terms, the hyperbolic equation has zero, one or two solutions. 
For the case of a hyperbolic solution the physical mass m„ always remains positive. 
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we find the modified boundary conditions 



= [d 5 -{rs,n + m 2 b )]$\ y=0 
= [d 5 + (r^D + ml)]^\ y=7rR , 



(16) 
(17) 



where r$ is the brane kinetic parameter and m& is the brane mass term. If we use the 
wavefunctions in Eq. (TT2T) and Eq. (fT3|) we find the "hyperbolic" quantization conditions 



b a = 



(r$m, 



m 



tanh( 
coth( 



AI a nR \ 

2 I 
M a irR\ 



and the "trigonometric" quantization conditions 



b n = 



(r$m 2 — m 2 ) 



tan( 



M n irR - 



cot( 



2 

M n nR-> 



even 
odd 



n even 
n odd. 



(19) 



The wavefunctions {f n }, {fa} in Eq. (jT2l) and Eq. ({TBI are pairwise orthonormal with 
respect to the modified scalar product 



/ dy[l + [5(y) + 5(y - irR)}} fj) = 6,, 
Jo 

resulting in the normalizations 



(20) 



n: 



sec h 2 (MfRj 
cosec h 2 (MfR) 



sinh(M a 7r_R) 
2M a 

smh(MairR) 
2MZ 



+ ^ 



R 
2 

irR 
2 



f 2r$ even 
+ 2r$ odd 



(21) 



sec 



cosec 



2 [M n wR^ 



^ M„ttR ^ 



ttR , 
2 

ttR _ 
2 



sm(M„nR) 

2MZ 
_ sin(M n 7rfl) 
2M n 



+ 2r l p even 
+ 2r ( j ) odd 



(22) 



Eq. f|T8l) and Eq. f|T9l show the dependence of the KK masses on the brane kinetic 
parameter r$ and the brane mass term mj. If r$m 2 < m 2 , there is no hyperbolic solution, 
while for r$m 2 > m 2 one or two hyperbolic solutions are possible. In addition, a flat zero 
mode wavefunction is only possible when 



(23) 



The physical masses for these solutions interpolate smoothly for different values of r$, 
rrib, m and Br 1 . 

In Fig.[T]we show the variation of the mass spectrum for different values of r$ and m,b- 
Boundary localized kinetic terms have the effect of decreasing the n th KK mass below 
that of \/(n/ ' R) 2 + m? while boundary localized mass terms have the opposite effect 
of increasing KK masses. In the limit r^/R —>■ oo, the second KK mode mass, m 2 , is 
bounded from below by a/ (1/-R) 2 + m 2 , while zero and first KK modes become massless. 
Thus, when identifying the zero mode with a Standard Model particle, the mass splitting 
between the first and second KK mode can be made arbitrarily large. 
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(a) (b) 




Figure 1: (a) Variation of the KK spectrum as a function r$ with = 1 TeV, m = 
.5 TeV m& = 0. (b) Variation of the KK spectrum for as a function of m& with = 
1 TeV, m = .5 TeV r$ = 0. The green (light gray) curve corresponds to the variation 
of the zero mode mass, the blue (black) curve corresponds to the variation of the first 
KK mode mass, and the red (dark gray) corresponds to the variation of the second KK 
mode mass. 



4 UED with boundary localized terms 

In this section we apply the results of the scalar toy model to the full UED spectrum. We 
include only electroweak BLTs because many potentially viable dark matter candidates 
are present in the first KK level of the electroweak sector. Hence the BLTs we consider 
are 



Sblt = J d 5 x [5(y) + 5(y - irR)} x 



4# " 4ft 2 ' ^ 



12 



+r H {D^D^H + (i 2 b tfH - X b (H^H) 2 ) (24) 

where rB,rw,fH are constants, which from naive dimensional analysis have a natural 
value of the order of where A is the cutoff scale [20] . 

The BLTs in Eq. (124"]) respect the SU{2) x U(l)y gauge symmetry and Lorentz 
invariance on the brane. Their presence breaks 5 dimensional translation invariance, 
which, however, is already broken by the presence of the branes. We will work in the 
limit of zero brane thickness, so that brane terms containing 8$ do not affect the KK 
spectrum [20], |2T] and therefore the kinetic terms we consider are parallel to the brane. For 

the boundary Higgs potential we assume the fine tuned condition v = J £l 2 / A = \/fJ>l/\b, 
which guarantees, that the expansion of the Higgs around the VEV v(y) = v = const is 
consistent with the bulk and boundary variations]^ 



8 For studies of electroweak symmetry breaking in the presence of a non-constant VEV but in absence 
of boundary kinetic terms see Rcfs 22J. 
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Following the spirit of the last section, we need to find the bulk equations of motion 
for all fields in the electroweak sector and then determine the KK decomposition from 
their boundary conditions. The boundary conditions include terms from the variation of 
the bulk action on the boundary as well as BLTs. For the electroweak sector of UED, 
the situation is complicated by the mixing between the and gauge bosons, as 
well as the mixing between the B 5 , W§, and the Higgs field which contain the Goldstone 
and the physical Higgs modes. In order to identify the physical Higgs modes and the 
correct boundary conditions for the Higgs and gauge fields, we reformulate the KK 
decomposition procedure of Ref. [17] along the lines of Ref. [23] in Appendices \M and 
IE1 The manifestly 5 dimensional formulation of the Goldstone bosons and Higgs fields 
enables us to incorporate the BLTs of Eq. ( |24l) and determine the boundary conditions. 

In the following subsections, we present the bulk equations of motion (which are un- 
modified by the boundary terms), their boundary conditions as derived in Appendices IA1 
and [B], and discuss the mass spectrum and couplings of all zero and KK modes in the 
electroweak sector. For convenience, the results are summarized in Appendix O 



4.1 The Higgs mass spectrum and wavefunctions 

For the Higgs, the bulk equations of motion and boundary conditions are given by 

[□ - d 2 b + 2/t 2 ] h = (25) 
[±d 5 + (r H n + 2rf)]h\ y=7rRfi = 0, (26) 

where the +<9s (— 85) corresponds to the boundary condition at ttR (0), which is similar 
to those of massive scalar in Section [3J Hence we can determine the mass quantization 
conditions, wavefunctions and normalization factors from the corresponding results of 
Section [3] using the identifications: r$ — > r H , m% — > 2fi 2 , and ml — > 2fif. 

The Higgs KK masses can be lowered by increasing r# and raised by increasing \x\,. 
As the Standard Model Higgs has not been found, the only phenomenological bound on 
/f and Hb is, that the zero mode mass must be greater than 115 GeV. However in the next 
section we will see that r# is constrained because it influences the gauge boson masses. 



4.2 Mass spectrum of the charged electroweak sector 



The charged gauge bosons are decomposed so that their equations of motion and bound- 
ary conditions are^l 



±d 5 + r w [Of - d»d v \ + r H 



92V 
2 



if - d»d v 
2 



W?. 



w, 



±1 



\y=TrR,0 








(27) 
(28) 



9 The details of gauge fixing in the presence of boundary terms is discussed in Appendices [X\ and IBl 
The results we quote here are in unitary gauge. 
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which resembles those of the scalar model in Section [3J Again, the mass determining 
equations and wavefunctions can be read off from Section [3] using the identifications 
r$ — > TV, m| — > g|{) 2 /4, and m 2 — > r^|-0 2 /4. For the normalization conditions, we 
rescale Eq. (1201) by #f so that 

1 [1 + r w [6{y) + 5{y - nR)}} ffff = (29) 

92 Jo 

which guarantees the canonical normalization of kinetic terms for each KK mode. The 
boundary "mass" term for the W boson is induced by the boundary interaction term 
Celt D ^f-H^HW^W~ fl in Eq. (jMj) when electroweak symmetry breaking occurs. Note 
that the condition for a flat zero mode in Eq. f[2"31 translates into rjy = r#. Unless the 
Higgs and gauge BLKT parameters are identical, H^ ) has a y-dependent profile. 

Apart from the charged gauge bosons, as explained in Section [21 UED also contains 
charged Higgses at non-zero KK levels. According to Appendices |A] and (Bj the equation 
of motion and boundary conditions of the charged Higgs boson are 

(n-% + ®p)a± = (30) 
(a ± ±r H d 5 a ± )\ y=7TR)0 = 0. (31) 

Using the results of Section [3] along with the identification r$ — ► m, m% g^v 2 /4, and 
m 2 — > r H92^ 2 we can find the mass determining equations and the wavefunctions. 
The orbifold condition projects out the zero mode of the charged Higgs boson and the 
higher KK mode wavefunctions are purely "trigonometric" of the form in Eq. fflBl . 



4.3 Mass spectrum of the neutral electroweak sector 

In the neutral sector, the KK decomposition is complicated by the fact that and 
mix in the bulk as well as on the boundary. In the special case tb = r\y, the bulk and 
the boundary action can be diagonalized by the same 5 dimensional field redefinition. 
We present this case first and indicate the generalization to r# ^ rw in Section 14.3.21 



4.3.1 The special case r B = r w = r g 

After electroweak symmetry breaking the 5 dimensional mass matrix in Eq. ([1]) is diag- 
onalized by the 5 dimensional field redefinition 

Z M = - 7 =L=(^-5 M ) 
V 9y + 92 

Am = -r^Mwt 4 + ^B M ). (32) 
V9y + 92 \92 9y J 

If Tb — Tw = r g , this simultaneously diagonalizes the boundary mass terms induced 
by electroweak symmetry breaking in Eq. (T24|) . The equation of motion and boundary 
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conditions for the Z„ gauge field are then 



u-dl 



(9y + 9l)v 2 



±d 5 + r g [Of - d^] + rH ^Y + 92> 2 . ^ 



while those for are 



[(□ - fig) 7?"" - d^d u ] = 
(±ds+r g [nrr = 0. 








(33) 
(34) 



(35) 
(36) 



Similar to the charged gauge bosons the mass determining relations and wavefunctions 



are found using the results of Section [3] with the identifications r$ — > r g , rn;, 



g Y )v /4, and m 2 —> r H {g\ + g Y )v /4 for and r$ 



r 



9 1 



m% 



0, and mi — > for 



Hence the zero mode of the photon is always flat, while the zero mode of the Z will 
be flat only when r# = r g . The normalization of the Z and photon is the same as in 
Eq. with replacement g\ — > 1 due to the basis chosen in Eq. 



Similar to the charged bosons in Section 14.21 the neutral sector contains a physical 
pseudoscalar degree of freedom. Its equation of motion and boundary conditions are 



n-d! + 



(a ± r H d 5 a c 



\y=irR,0 







0. 



(37) 

(38) 



The wavefunctions and mass determining equations follow directly from the charged 
Higgs case discussed in the last section with the replacement g\ — > (g Y + g%)- 



4.3.2 The general case: r B ^ r w 

If tb 7^ Twi the field redefinition in Eq. fl32|) no longer decouples the boundary conditions 
following from Eq. (j2"4"|) and, at least for the neutral gauge fields, we have to refine the 
strategy to find the KK decomposition. Before doing so note that the boundary param- 
eters tb and rw in the boundary action Eq. (I3"i2l only affect the boundary conditions of 
the gauge fields. The KK decompositions of the physical Higgs bosons are not affected 
and therefore remain the same as in the re = rw case discussed in the last section. 

Aside from the mixing of — W^, the KK decomposition for is identical to 
those of W ± discussed in Section l4\3.1l The analogous solutions for the are also given 
by the substitutions rw — ► r# and g 2 — > g Y for the relations in Section 14.3.11 The mixing 
term in the bulk oc v 2 B^W^ and on the brane cx th^B^W^ induce off-diagonal terms 
in the neutral gauge boson mass matrix of the form 

M 2 m>n = V ^^ R dyf^(y)f^(y)[l + r H (5(y) + 5(y-nR))] (39) 

where f^(y) and f^(y) are the and B^ wavefunctions respectively. The even (odd) 
modes of B^ only have a non-zero overlap with the even (odd) modes of W^, thereby 
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still preserving KK parity. In particular there is a non-trivial overlap between the zero 
mode of the gauge boson and all even modes of the gauge boson. In order to 
find the exact mass spectrum and wavefunctions of the neutral sector, the full KK mass 
matrix in the neutral sector has to be diagonalized. 

4.4 Modifications of zero mode and KK mode couplings 

Using the wavefunctions and mass spectra for all electroweak fields derived in the last 
section, we can calculate the couplings of all KK particles by integrating out the extra 
dimension. 

The coupling of fermions to the W or B bosons arise from the 5 dimensional action 

S = J d 5 xJ 7 M D M f (40) 

where Dm is appropriate covariant derivative. Assuming that fermions have no BLTs, 
the couplings are 

9ll m n = J dyjf' B fifi (41) 

where % = B,W and {/^j} * s the wavefunction of the m th KK mode. In particular, the 
couplings of the zero modes are given by 

<7{ooo = ^ / dyf?' B , (42) 

where we used that the fermion zero modes are constant in the absence of fermion BLTs. 

Now, let us consider the triple and quartic gauge boson vertices of the 577(2). They 
follow from the overlap integrals 

giimn = Jdyfrf%f^(l+r w {6(y) + 5(y-nR)}}) (43) 

few) 2 = Jdyf?frf%fn(i+rw[S(y) + 5(y-*R)}]). (44) 

For generic values of rw it is obvious that g{ 000 ^ g\ 00 o 7^ 9% oooo- As the zero mode level 
is identified with the Standard Model, the BLKTs induce a modification to the WW Z 
vertex. 

The vertices of the Higgs KK modes with gauge bosons and fermions are calculated 
analogously from overlap integrals, taking the BLTs into account as in Eq. (143]) and 
Eq.f l44p . Using the mass determining equations and wavefunctions of the previous sub- 
sections, for fixed (R,r B ,r w ,r H ) we can match the zero mode spectrum and couplings 
to those of the Standard Model and hence determine the spectrum and coupling of the 
higher KK modes. 



12 



5 Phenomenology of Electroweak BLTs in UED 



As shown in the last section, BLTs can significantly modify the KK spectrum and gauge 
couplings in UED. The modification of the spectrum can alter the nature of the lightest 
KK particle so that is no longer the LKP. However these BLTs can also affect the 
zero mode couplings and masses and therefore are constrained by experiment. 

In this section we study the constraints on rg, rw, and r# arising from matching the 
zero mode spectrum of non-minimal UED to that of the Standard Model. We adopt the 
strategy of fixing the parameters (r#, rw, th, R) and solving for the 5 dimensional quan- 
tities (c/y, §2, v) in terms of the Standard Model observables a em , Gf, tuz, raw- Therefore 
the 5 dimensional quantities (gY,92,v) are over constrained and provide a bound on the 
parameters {rg, rw, r^, R). A further potential bound arises from the LEP measurement 
of the WWZ vertex. 

In this article we discuss three qualitatively differing regions of the non-minimal 
UED parameter space. The first parametric scenario is one in which all the electroweak 
boundary localized kinetic terms are uniform and all other Higgs boundary terms are 
zero. In this scenario the LKP is the KK photon where the Weinberg angle is the same 
at every KK level. However as KK number is explicitly broken by the BLKTs, the even 
KK modes of W ± and Z have non-zero couplings to the zero mode fermions which leads 
to non-trivial contributions to the Fermi constant Gf. 

The second parametric scenario we consider in Section 15721 is the case r g = rw = i , b^ 
rn, with all other Higgs BLTs zero. As r# is split from r g , the zero mode wavefunctions 
of the gauge bosons are not flat which leads to modified gauge couplings. We calculate 
the bounds on r# — r g arising from modifications of the zero mode mass spectrum. In 
this scenario we find regions of parameter space in which h {1) is the LKP. 

The third scenario we consider in Section [5731 is the case in which rw ^ fs = = r# 
and all the other Higgs brane terms are zero. As rw ^ tb, the bulk and brane mass terms 
of the neutral gauge boson sector induce mixing between different KK levels of the B 
gauge boson and the the W 3 gauge boson. For large enough r w the W 3<yV> becomes lighter 
than the in which case the LKP becomes mainly IU 3< ^ 1 ' ) . As for the previous scenarios, 
we determine bounds on rw which arise due to the modified zero mode couplings. We 
show that within these bounds, a W 3 ^ LKP can easily be realized. 

5.1 Scenario I: rw = r# = r# 

For a start, let us consider the special case of uniform gauge BLKTs tew = r w = r B = 
ru- Assuming the absence of boundary terms for the fermions and for the gluon, this 
model presents a simple extension of UED with only four free parameters R, r E w, ^b, m h- 
For simplicity, we assume ^i, = and m h = 115 GeV0 For uniform r EW , the boundary 
conditions on the gauge fields imply that all gauge field zero modes are flat. Therefore 
the matching of the underlying 5 dimensional parameters gy, §2, v to the Standard Model 

10 Rclaxing these assumption results in heavier Higgs KK masses, but otherwise does not affect the 
mass spectrum. 
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Figure 2: Sample spectra for UED. (a) The tree level UED spectrum without BLTs (first 
KK level) for = 500 GeV. (b) The tree level UED spectrum with tb = rw = rn = 
2R, fit, = 0, R~ l = 1 TeV and = 115 GeV. Parameters are chosen such that the LKP 
masses of both model coincide. 

values gy,g2,v is similar to "standard" UED, with ttR — > ttR + 2tew m the rescaling 
of the couplings, but the identification of fi with rrih is altered. At the first KK level, 
the fermions and gluon have a mass ~ n/R but the gauge bosons and Higgs masses are 
reduced to lower values. Thus R~ Y determines the fermion and gluon mass scale, while 
Tew can be thought of as parameterizing the mass splitting between the electroweak KK 
modes and the fermion and gluon KK modes. In Fig. [2] we show the effect of tew on the 
particle spectrum of UED. Fig. EJ^a) corresponds to "standard" UED with R~ x = 0.5 TeV 
while Fig. [21(b) corresponds to the uniform tew scenario with Lib = ^^'ew/R = 2 and 
R^ 1 = 1 TeV. In spite of different values of R it is possible to choose tew/R, such that 
the LKP mass is the same in both scenarios. 

From the equations of motion and boundary conditions in Sections 14.11 14.21 and 14.3.11 
we can see that for uniform BLKTs the spectrum has the following structure 

m zW > m a om > m a ±(i) > m 7 (i) (45) 
7?7,2(i) > m w ± w > m ±(i) (46) 
> m 7 (i). (47) 

Hence, the LKP is always the KK photon or, more precisely, the linear combination 
7M = sin(6'[^' ) )73^ 1 ' ) + cos(6yy)W 3 ( 1 \ where for uniform r E w the Weinberg angle 9$ at 
all KK levels is identical to that of the Standard Model. 

As the BLTs do not introduce any extra sources flavor violation and the fermion 
KK modes are heavier than in "standard" UED, the UED GIM mechanism [7] implies 
weaker flavor constraints. As the Weinberg angle is the same at every KK level, the LKP 
can annihilate efficiently through a t-channel into W + W~ even if the KK fermions 
are quite heavy. In the limit of very heavy KK fermions, the requirement that the KK 
photon does not overdose the universe implies an upper bound on LKP mass of about 
1.6 TeV. This bound is a constraint on the LKP mass which can be substantially smaller 
than the compactification scale R . 

The collider constraints and electroweak constraints can be strong in this scenario. 
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As KK number is explicitly broken by the BLTs, higher KK level gauge bosons have 
non-zero couplings to the zero mode fermions. Hence there are electroweak corrections 
even at tree level. For example, the Fermi constant Gf obtains contributions from the 
exchange of all even W±(«) KK modes. In the next section, we study constraints arising 
from the tree level modifications of the zero mode and KK mode couplings in detail. 



5.1.1 Electroweak constraints 

In order to determine constraints from the electroweak sector we first match the zero 
mode spectrum on to the Standard Model, using the results of Sections I4.1[l4.2l and l4. 3. II 
We perform the matching by demanding that §2, gy and v are chosen so that a,Gf, mw 
and mz have their correct values within experimental errors, for fixed tew an d R- As 
there are three underlying parameters and four Standard Model quantities, the system 
is over constrained. Hence we can predict one of the Standard Model parameters which 
we use to constrain the input parameters r EW and R. 

For uniform r E w the gauge boson zero modes are flat and their masses are directly 
related to the 5 dimensional parameters by 

m 2 w = m> w = ttf (48) 

2 -2 _ (gj + 9y)v 2 ,, n 
™z = m z = 4 , (49) 

giving us two relations between the 4 dimensional and 5 dimensional parameters. With 
rhw and rhz determined, all and Z KK mode wavefunctions and masses are can be 
found by numerically solving the mass determining equations given in Sections 14.11 14.21 
and 14.3.11 which are summarized in Eq. fl 1 2 6 [) in Appendix O 

The Fermi constant Gf gets contributions from the exchange of the W /r± (°- ) mode 
as well as higher even KK modes. Summing over all W KK modes that have non-zero 
couplings to the zero mode fermions we find the effective Fermi constant 



4 v / 2vr J R^m 2 



where 



n=0 W 



b ° = l BW , (51) 

1 " r ttR 



1 sin 



J 2n 



(52) 



— m w±(2n) ~ m \v> an d m w ±(2 n ) are the physical masses of the W ± KK modes. 
The U(l) em coupling in terms of the the 5 dimensional couplings is 

_ 1 9y92 ( ,o\ 

aem ~ 4n(nR + 2r EW )g Y + gl ^ 
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(a) (b) 




Figure 3: Variation of f°r different values of r^w with Rr 1 = 1 TeV and R^ 1 = 

2 TeV. The yellow (gray) band corresponds to the 2a allowed tree- level value of m^ ee . 
The region within the black lines is the 2a predicted tree- level value of m 1 ^ UED . 

where the factor 7tR+2tew comes from the normalization of the gauge boson zero modes 
with BLKTs tew- 

As we are studying the tree level corrections to the Standard Model relations, we 
fix the values of a = 1/(127.925 ± 0.016), m w = (80.398 ± 0.025) GeV and G f = 
(11.66367 ±0.00005) TeV" 2 [IM] and use Eq. ggj), Eq. ([50]), and Eq. ([53]) to predict the 
value of m r z JED (R ) tew-, f^w, Gf, ot) and compare it to 

lim mz UED (R,r EW ,m w ,Gf,a) = m^ ee (m w , G / , a) 

R,tew—*0 

= m e z p - m s z M \ loop (m w , G f ,a), (54) 

where m e ^ p is the experimentally measured Z mass while m^ M \i oop (mw, Gf, a) is the 
Standard Model loop contribution to the Z mass. Therefore we can translate all experi- 
mental uncertainties into a band of allowed values of m^'^m^, Gf,a) and compare it to 
the predicted band of values for the tree level nUED Z mass m^ UED (R, tew-, m Wi Gf,a). 

Fig. [3] presents the effect of varying tew on the predicted value of m 7 £ JED for R^ 1 = 
1 TeV and R^ 1 = 2 TeV, assuming a 2a error in the input values of a, mw and Gf. From 
Fig. [3]we see that the constraints on tew are weaker for increasing For R^ 1 = 1 TeV 
the electroweak constraints force tew/R < 2.7 while for R^ 1 = 2 TeV the bound only 
lies at tew/R < 8.0. Thus for large compactification scales we can split the fermion KK 
modes (with rrif ~ 1/i?) from the gauge and Higgs KK modes. Also note, that a higher 
compactification scale does not necessarily imply a heavier LKP as can be seen from 
the sample spectrum in Fig. [2J 

5.2 Scenario II: rw = tb = r g < r# 

For uniform tew, the KK photon always remains the LKP, so to change the nature of 
the LKP we need to split the BLKTs. As a next step let us consider a scenario in which 
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we vary the Higgs BLKT while keeping the gauge BLKTs equal at r B = r w = r g . For 
r g > r Hi it is obvious that the LKP remains the KK photon as the gauge boson KK 
mode masses are reduced relative to the Higgs. We therefore focus on the choice r g < ru 
for which it is conceivable that the hS l > becomes lighter than the KK photon. 

For th 7^ r g , the gauge boson zero modes are not flat. We thus need to find the correct 
values of gY,§2 and v so as to match the zero mode spectrum to that of the Standard 
Model. As in Section 15.1.11 we perform the matching by demanding the correct values 
for a,Gf, my/ and determine the tree- level value for m^ UED , which leads to a bound on 
r g and rjj. In Sec. 15.2.11 we derive the relations between the Standard Model parameters 
a,Gf,m w ,m z and the underlying parameters (gy,g2,v) to study the constraints on 
(r g ,rji, R)- In Sec I5.2.2"| we use this information in order to determine the LKP in this 
scenario and show that there exist regions of parameter space where is the LKP. 



5.2.1 Electroweak constraints 

We work in the A — Z basis defined in Eq. ( 1321) . From the appropriate substitutions in 
Eq. ([[ZED for W ± and Z, the physical masses mj( n ) satisfy the conditional 

r g (Mi) 2 -(r H -r g )mj _ MjnR 



where I = (W, Z), m% = {g\ + g Y )v 2 /A, rh 2 w = g 2 2 v 2 /A and M 1 n = ^Jrhj- m 2 (n) . 

As in the uniform r E w scenario, the effective Fermi constant obtains contributions 
from the exchange of all even KK modes as given earlier in Eq. (15"U|) with the non- 
zero KK coefficients b 2n as given in Eq. f[5"2"j) with r EW — > r g . Due to the non-flat zero 
mode profile, Eq. (152]) also holds for the zero mode contribution 6 m this scenario. 
Furthermore, working in the basis of Eq. (1321) . it is obvious that the boundary mass 
term of the photon vanishes. Hence the relation between the U(l) em coupling and the 5 
dimensional couplings is again given by Eq. with r EW r g . 

To determine the allowed parameter space in (r H ,r g ,R) we calculate rhw by fixing 
the zero mode W mass and using Eq. (!55j) . Once we have found rhw we are able to 
determine all W KK masses and use Eq. (|50|) to determine g 2 . v is determined via the 
definition of rhw = §2v/2. Finally, using Eq. (|53l) we can determine gy in terms of g 2 - mz 
is fixed by the parameter set (r g , Th, R, §Y,g2, v) and a comparison with the experimental 
values yields a constraint on (r g ,r H ,R). Again using the electroweak values of a = 
1/(127.925 ±0.016), m w = (80.398 ± 0.025) GeV and G f = (11.66367 ± 0.00005) TeV~ 2 
we can predict the tree-level m^ UED value. 

Fig. HJshows the resulting predictions of the lower edge of the m r ^ UED (R, r g , rn) band 
for compactification scales of R^ 1 = 1 and 2 TeV. The different contours correspond to 
fixed values of r g /R and varying values of Ar/R = {r H — r g )/R, The yellow (gray) band 
corresponds to the 2a allowed values of m^ ee . For a given value of r g /R the bound on Ar 

11 For our parameter choice of rjj > r g the hyperbolic mass conditions in Eq. (|126[) do not have a 
solution, such that the zero mode in this case is given by a cosine solution as well. 
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Figure 4: Constraints on r ff /i? and Ar/R = (th — r g)/R from tree level corrections to 
the Z mass for (a) R" 1 = 1 TeV and (b) i? -1 = 2 TeV. We plot the lower edge of the 
m r ^ UED (R,r g ,rH) band for different values of r g /R. The yellow (gray) band corresponds 
to the 2cr allowed values of m^ ee as defined in Eq. (I54p . For a given value of r g /R the 
bound on Ar can be inferred from the intersection of the corresponding contour line with 
the upper bound of the yellow (gray) band. 



can be inferred from the intersection of the corresponding contour line with the upper 
bound of the yellow (gray) band. As can be seen, for moderate values of r g substantial 
splittings between r g and r# are allowed. 

The analysis presented here can be extended to other Standard Model observables 
which get modified at tree level. For example from Eqs. (14"3"|) and Eq. (I44p it can be 
seen that the WW Z vertex and the WWWW vertex are modified. We performed the 
full analysis for the WW Z vertex and found that it leads to constraints which are sub- 
stantially weaker than the constraints from mz presented above. This is to be expected 
as the experimental precision on a, Gf, mw, m z is much higher than the precision on 
the WW Z vertex [24]. Similarly, we expect the bounds from the WWWW vertex to be 
sub- dominant. 



5.2.2 Determining the LKP 

With (gY,g2,v) fixed by matching to the Standard Model parameters for a given set 
of (r g ,rH, R), the mass determining equations in Eq. (11261) fix the KK spectrum of all 
particles in the electroweak sector. From Eq. f)126p it follows that 

m z( i) > m a o(i) > m a±( i) 
m z( i) > m w ± ( i) > m a±m 
m w ±(i) > m 7 (i) (56) 

leaving 7W, a ±< - 1 - ) and as possible LKPs. From Section [4.3. 1[ the mass of the KK 
photon is determined by 

m (,i)7i R 

r g m^i) = cot . (57) 
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From Section 14.21 the mass of the a^ 1 ^ is 

m 2 aM1) =^f + (M aM1) r, (58) 
where M ±(i) satisfies the equation 

,, , M a ±(i)7TR 

r H M a±w = cot . (59) 

While all other KK spectra in the electroweak sector are fixed, the KK spectrum of 
the Higgs depends on fi and In order to be able to compare the masses of the a^ 1 ^ 
and the we assume //& = and fix fi by demanding that the zero mode Higgs mass 
is fixed at rrih = 115 GeV. With these choices, the mass of the KK Higgs m h (i) satisfies 
the constraint 



m\ w - 2/i 2 



where fi is determined from 



TH < - tanhf ^ 2 ~ m ^ L (61) 



V 2 ^ 2 - m l 

Using these equations, we calculate the KK masses for the hP-\ a ±(1 ) and 7W to find the 
LKP in the parameter space (r g ,Ar). Fig. [5] shows the resulting LKP phase diagrams 
for i? -1 = 1 and 2 TeV. The red (dark gray) areas are excluded by the electroweak fit 
derived in the last section. For negative Ar (not displayed) and in the green (shaded) 
region at low Ar the LKP is the KK photon. In the yellow (gray) area either the LKP is 
the a^ 1 ' or the zero mode Higgs mass is less than 115 GeV. Therefore the yellow (gray) 
region is experimentally disfavored. The white triangular area signifies the maximally 
allowed parameter space with a Higgs LKP. Assuming that fit 7^ or m h > 115 GeV 
makes the first KK Higgs heavier and thus reduces the Higgs LKP parameter space 
further. 

While for R^ 1 = 1 TeV the Higgs LKP parameter space is strongly constrained, it 
opens up for a larger compactification scales as can be seen in Fig. G^b). We emphasize 
again that a higher compactification scale does not imply a substantially heavier LKP. In 
Fig.[5](a) and (b), we give three sample points at the corners of the Higgs LKP parameter 
space with their respective h^ 1 ' masses. The Higgs LKP mass for R^ 1 = 1 TeV lies in a 
range of 440 GeV < m hW < 460 GeV, while for R~ l = 2 TeV the allowed Higgs LKP 
mass lies in the range of 490 GeV < m h (i) < 830 GeV. 

In FigJS] (a) and (b), we show the first KK level masses of the sample points A and 
C for R^ 1 = 2 TeV as defined in FigJ5] (b). As is expected, the masses of a^ 1 ' and 
at these points are almost degenerate. The masses of the KK gauge bosons lie higher 
because r# > r g . Comparing sample points A and C, point A lies at larger r# and r g . 
Therefore the mass scale for all electroweak particles is lower than at point C. As r# — r g 
is larger at point A, the relative splitting between the Higgs KK masses and the gauge 
boson KK masses is larger than at point C. The fermion and gluon KK mode masses 
remain at the compactification scale. 
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Figure 5: LKP phase space in the r g = tb = rw ^ rn scenario. For (a) R^ 1 = 1 TeV and 
(b) R^ 1 = 2 TeV, we plot the regions of different types of LKP in the Ar/R = (r#— r g ) /R 
versus r g /R plane. The Higgs brane mass parameter has been set to /if, = and the zero 
mode Higgs mass has been set to 115 GeV. The red (dark gray) region is excluded by 
the electroweak constraints in Section 15.2.11 In the yellow(gray) region the LKP is the 
a ± (i) while in the green (shaded) region the KK photon is the LKP. In the white region 
the LKP is the KK Higgs. The points A, B and C in each plot represent sample points 
with a Higgs LKP whose mass is given on the right of the plots. 
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Figure 6: Sample spectra for UED with r g ^ rjj- (a) The tree level UED spectrum with 
_ 2 TeV, r g = tb = rw — 7.5R and Ar = ru — r g = 2.5R which corresponds 
to sample point A of Fig. G^b). (b) The tree level UED spectrum with Rr 1 = 2 TeV, 
r g = 3R and Ar = 0.25i? which corresponds to sample point C of Fig. Efb). 

5.3 Scenario III: r w ^ tb 

As a third example we investigate a scenario with ^ rw- As we showed, boundary 
kinetic terms reduce the KK masses. Therefore setting rw > tb is an easy way to obtain 
a W^^-like LKP. To see qualitatively how the LKP is changed in this scenario, consider 
the mass matrix at the first KK level 

K m , w , m - ( ) . m 

where the mixing elements n have been defined in Eq. ( |39l) . To a good approximation, 
the LKP is the lighter eigenstate of this — W 3 ^ system. If we choose a sufficiently 
large rw then we can make rn w m < m s(i)' * n wm ch case Wfi becomes the main 
component of lighter eigenstate of the B^t — system. 

However this is not the full story. As indicated in Sec. 14.3.21 for rw ^ Tb, the KK 
basis {fn} an d {f^} differ and electroweak symmetry breaking induces B — W 3 mixing 
between different KK levels as given in Eq. (1391) . 

To address the KK mode mixing qualitatively, consider the only non-vanishing mass 
matrix elements which mix B and W 3 S 

M 2 — ( m B( 2 ™) Ml 2n \ (co\ 

M B(2 m) W 3(2 n ) — I 2 • 

\ jvl 2ra,2n " L W 3(2n) J 

In the presence of BLTs, the mass difference is of the order 

2 2 f^Y /2m\ 2 A{m 2 -n 2 ) 
m B[2m) - m w3(2n) - I — J - ^— j = — 2 (64) 



12 We give the argument for even KK modes, here. The same holds true for odd KK mode mixing. 
Mixing between even and odd modes is forbidden by KK parity. 
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if m 7^ n, but the normalization of the wavefunctions in the extra dimension puts a 
bound on these mixing terms 

KA 2 / 9Y92V 2 ,„x 

M 2my2n < — — . (65) 
Hence the KK mode mixing between the B^ and W^ m ' modes satisfies 

sin 6 mn < 4 ( m 2_ n 2 )m 2- ; (66) 



iJ 4 



*2 

which is small whenever >> and m ^ n. The largest mixing of modes 

between the B and KK towers occurs when m = n, and to good approximation, the 
mass matrix can be diagonalized KK level by KK level, underlining the validity of the 
qualitative argument on a W 3( V LKP given above. We perform a quantitative study of 
obtaining a W 3{1) LKP via BLTs in Section 15.3.21 in which we take the KK mode mixing 
into account numerically. 

From the above discussion it is clear that the zero modes mix with higher KK modes 
as well. Matching the zero mode sector on to the Standard Model is therefore non-trivial. 
In the next section, we numerically diagonalize the neutral gauge sector mass matrix and 
follow the same procedure as in Sections 15.1. II and !5. 2. ll in order to determine electroweak 
constraints on r w . 



5.3.1 Electroweak constraints 



To perform a quantitative study of the LKP we choose the special case rw ^ = r B = 
Tff. As outlined in Section 14.3.21 the equations of motion and boundary conditions for W 
are 



□ 



n 



(±d 5 + r w [UrT - d^d"]) W z v 



y=wR,0 



and for B are 



v 



-d"d u 







0. 



(67) 
(68) 

(69) 
(70) 



i^5-B^|y=7r_R,0 

Hence we expand Wp, in the basis for a gauge field with BLKTs and (as we chose 
r B = 0) we expand B^ in the "standard" UED basis. However, as wjp and B^ are not 
the mass eigenstates of the bulk Lagrangian with electroweak symmetry breaking, the 
term v 2 W ll B ll induces the mass mixings given in Eq. (139ft . 

For the charged gauge field sector, from Eq. (I126p the zero mode mass is m^J is 
determined by 



r wm w(0) 



tanh 



rn 



+ m w irR 



ni 



+ rh 2 w 



(71) 
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Turning this relation around we can determine % by setting m^} = m w . With rh w 
determined, the mass spectrum of is fixed. As in Sections 15.1.11 and 15.2.11 g 2 can 

be determined by calculating the effective Fermi constant from Eq. (1501) . where the non- 
zero W ± KK mode contributions b 2n are given by Eq. (152"]) with r EW — >■ r w while the 
hyperbolic zero mode implies 



8sinh 2 ^ 



(72) 



The above results enable us to determine g 2 and v from the charged sector for a 
given set of parameters R,rw- The next goal is to calculate a and use it as a matching 
condition for gy . In Sections 15.1.11 and 15.2.11 we were able to give an explicit and easily 
invertible relation for a(R,r g ,rn, gy, Q-i)- For rw ^ re, this task is complicated by the 
fact that the photon is only determined implicitly as the lightest eigenstate of the neutral 
gauge boson mass matrix. 

The relationship between the 4 dimensional mass eigenstates and the original B — W 
basis is 

A<® = U^B j (73) 
Z (0) = U^B 3 (74) 
A (1) = U?B 3 , (75) 
Z w = UlB\ (76) 



where B j denotes (5 (0) , W m , W 3{1 \ ...) T . 

In order to determine the basis transformation Uij. We start from a trial value of 
gy. Together with the already determined values of g 2 and v, we calculate the neutral 
gauge boson mass mixing matrix. As we work in the B — W basis, the W 3 ^ — W 3 ^ 
and - fiW mixing terms are zero for m ^ n. The diagonal elements are given by 
m w{n) and m 2 B(n) , while the B^ — mixing is described in Eq. (|39|) . We numerically 
diagonalize the trial mass matrix to obtain Uij. Eq. ( !73l) then determines the photon in 
the B — W basis. The couplings of the zero mode photon to zero mode fermions can be 
derived from the 5 dimensional action 

S D J ' d 4 xdyte Rl M B M e R D J ' d A xiQ eB ef^A^ef 

S D J ' dSdy)f Ll M B M e L + )f Ll M W 3 M e L 



(77) 



23 



(a) (b) 




Figure 7: Variation of m 7 ^ UED for different values of rw with R^ 1 = 1 TeV and R^ 1 = 
2 TeV in the rw ^ = r# = r# scenario. The yellow (gray) band corresponds to the 2a 
allowed tree-level value of m^ ee . The region within the black lines is the 2a predicted 
tree- level value of m 1 ^ UED . 



to be 

Qe R = J2 d yfo R uI {2j+1) fff^ (78) 

3=0 J 

= lit (/ d y fo L Uf ( 2 J+1) f? fo L + J dyf, L Ul 2j+2) ff . (79) 

With the electric charge of the fermions determined, we calculate a = Q 2 /47r. We iterate 
this procedure with varying values of gy until the result matches the experimentally 
measured value a em = 1/(127.925 ± 0.016) to a precision of (a — a em )/a em < 10~ 7 
which lies an order of magnitude below the experimental erroro With the parameters 
(gy, §2, v) determined, we calculate the mass of the second lightest mass eigenstate which 
is identified with the tree level Z mass as defined in Eq. ( |54l ). 

In Fig. |7] we show the value of m r £ JED for R^ 1 = 1 TeV and R^ 1 = 2 TeV, assuming 
a 2a error in the input values of a, mw and Gf. As in scenarios I and II we see that the 
bounds on r\y/R are weaker for increasing R~ x , and we again find that the bounds from 
tree level matching of the lowest lying modes to the Standard Model fields are weaker 
than the NDA estimate of ryy/R < 6tt/AR. As for scenario II, we performed the analysis 
for the WWZ vertex modifications and we again find that it leads to weaker constraints 
than those from mz presented above. 

13 The equality of left-handed and right-handed couplings is guaranteed by 4D gauge invariance of the 
full model. In order to perform the diagonalization numerically, we truncate the mass matrix after the 
fourth KK level. The truncation leads to numerical values of (a^ — an)/aL < 10~ 7 for the parameter 
regime of R, rw considered in this article which is sufficiently low to not affect any of our results and 
justifies our truncation at the fourth KK level. As a consistency check, we verified numerically that 
(a — a em )/a em decreases when truncating at a higher KK level. In our determination for gy, we use 
Q eL to calculate a. 
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Figure 8: Modification of the Weinberg angle of the first KK mode as defined in Eq. flHTl) 
at itf" 1 ) = 1 TeV (black) and = 2 TeV (red/gray). 

5.3.2 W 3W dark matter 

In the last section, we determined the 5 dimensional parameters (gy, g%, v) for a given set 
of parameters R, rw and calculated the bound on rw / R from matching the lowest lying 
KK modes to the standard model. With the parameter set (rw, R, 9y, §2, v), the full KK 
mass spectrum of the electroweak sector is determined and we can study the LKP@ 

For r w 7^ = r B = r H it follows from Eq. (11261) 

m h[ i) > m a o(i) > m a ±(i) > m w ± w 

m Z (i) > m w ±(i)>m AW , (80) 

where and denote the lightest and second lightest KK parity odd eigenvalue 
of the neutral gauge boson mass mixing matrix. In terms of the B — W basis, they 
are defined in Eqs. £75} and (JZSJ as = U^B j and = U^BK As argued in the 
beginning of Section I5.3[ the KK mode mixing contributions in this basis are suppressed 
and hence all A^ components except U^B^ 1 ' and U^W^ are sub-dominant. It is thus 
sensible to define the Weinberg angle at the first KK level by 

t*ae$ = U*/U*. (81) 



Fig. [8] shows the numerical result for sin 2 (9 w ) as a function of rw, calculated for 
R- 1 = 1 and 2 TeV. As can be seen, for values of r w /R ~ O(10~ 2 ) (r w /R ~ C(10- 3 )) 
for R^ 1 = 1 TeV [R^ 1 = 2 TeV), the LKP composition changes from a KK photon with 
Weinberg angle 9$ = 9w,sm to almost purely W 3 ^. The bounds on rw/R derived in 

14 Again, in order to fully fix the Higgs boson KK spectrum, mh and fib need to be specified, but 
assuming nih > 115 GeV or fib > raises the Higgs KK masses without affecting the mass spectra of 
the electroweak gauge bosons or the charged and the pseudoscalar Higgs. The discussion of the LKP is 
therefore independent of nih and fib- 
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the last section lie two or three orders of magnitude above these values, showing that 
W^ 1 ) dark matter can easily be accomplished in the non-minimal UED models studied 
in this article. 

As in scenario I and II, the first KK mode masses in this scenario are split. The 
fermion and gluon KK mode masses lie at the compactification scale Br 1 . As we chose 
th = 0, the masses of the Higgs KK modes a^' ^ lie at the compactification 
scale, too. Furthermore, the choice = leaves the mass of the heavier first KK 
level eigenstate of the neutral gauge boson mass matrix at the compactification scale. 
For r w /R > 10~ 2 , the LKP is almost purely W 3 ^). As is expected, only the masses of 
the I^ 1 * 1 ' 3 ^) are reduced by the non-zero SU(2) BLKT. As the mass splitting between 
and W 3 ^ solely arises from the mixing in the neutral gauge boson sector, which is 
strongly suppressed for rw/R > 1CT 2 , the W^ 1 ' and W 3 ^ masses are highly degenerate 
in our tree-level investigation. 

We wish to emphasize that the analysis presented here is performed at tree-level, 
only. In the discussion of radiative corrections to MUED in Ref. [10J, BLTs are assumed 
to vanish at the cutoff scale A. This assumption is used to justify neglecting the effect of 
KK-mode mixing on the mass spectrum and the modification of the KK-eigenfunctions. 
In this article we have shown that such modifications of the KK-eigenfunctions are a key 
aspect when considering non-vanishing BLTs. Therefore, a generalization of the results 
of Ref. [10] to the case of non-minimal UED is non-trivial. To give an estimate of the 
impact of radiative corrections, following Ref. [ID], let us again consider the mass matrix 
of neutral gauge bosons at the first KK level in Eq. fl62l) . Including radiative corrections, 
BLTs, and neglecting KK mode mixing, we can naively approximate the mass matrix to 
be 




where the matrix elements are defined as in Eq. (162]) and S(m 2 B(1) ) and (5(m 2 y3(1) ) are the 
radiative corrections to m 2 B(1) and m wMl) as given in Ref. [JO]. In MUED, the radiative 
corrections drive the LKP to be almost purely B^ because rn 2 Bm = 1/ R 2 +m B7 rn 2 v3m = 
l/R 2 + m 2 w and 6(m 2 BW ) < < <5(m 2 y3(1) ). To arrive at a W 3 ^-\ike LKP, the BLT effects 
have to (over-) compensate the effect of radiative corrections. For R^ 1 = 1 TeV and 
AR = 20, the radiative corrections in Ref. [TO] yield a splitting of ~ 60 GeV between the 
MUED B<$ and W 3 ^ masses which can compensated by a W BLKT with rw/R ^0.1. 
This value lies an order of magnitude below the NDA estimate rw/R J$ 6tt/(AR) « 1 
and below the experimental constraints derived in this article. Therefore our simple 
approximation shows that a W^Mike dark matter candidate is still conceivable, when 
taking radiative corrections into account. 

6 Conclusions and Outlook 

Models with a universal extra dimension should be considered as effective field theories 
with a cutoff at the PeV scale. Their symmetries allow for brane localized operators of 
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the same dimension as the standard UED bulk operators. Every brane localized term 
implies an unsuppressed free parameter. We argue that in a bottom-up approach to 
UED, all boundary localized operators should be included and their implications for 
phenomenology studied. 

In this article, we extended earlier results on boundary localized operators [T8| [20] 
in extra dimensional models and applied them to UED. We presented a framework to 
derive mass spectra and couplings for tree level UED with boundary localized kinetic 
and mass terms in the electroweak sector, including gauge fixing and identifying the 
Goldstone and physical Higgs KK modes. As we showed, the zero mode relations are 
generically modified when including BLTs. As the zero mode level of UED is identified 
with the Standard Model particles, modifications of the zero modes imply corrections to 
the Standard Model relations between masses and couplings at the tree level. In addition, 
BLTs affect the mass spectrum and couplings of the non-zero KK modes and thus have 
important implications for the collider phenomenology of UED KK modes as well as for 
the phenomenology of the UED dark matter candidate which is given by the lightest 
Kaluza Klein mode. 

In order to demonstrate the phenomenological impact of boundary localized param- 
eters in more detail, we presented three sample scenarios in which we derived constraints 
on the boundary parameters rB,rw,fH which arise when matching the zero modes of 
the electroweak sector to the Standard Model. With the underlying parameters fixed 
by the matching we identified the lightest KK mode in the respective scenarios. In all 
sample scenarios studied, we showed that the inclusion of non-zero boundary kinetic 
terms change the 4D to 5D parameter matching, but once the correct relations are 
taken into account, the Standard Model relations are only weakly affected and lead to 
bounds on Tw,Tb and r# which are substantially weaker than the NDA estimate of 
rg ~ r\y ~ Th ~ 6ir/(AR). On the contrary, non-zero boundary kinetic terms have a 
strong effect on the non-zero KK masses and couplings of the electroweak sector. We 
showed that masses of the electroweak KK partners equipped with a boundary localized 
kinetic term can lie substantially below the compactification scale while the first KK 
modes of the fermions and the gluon remain at a mass scale _R -1 

Our first sample scenario, where we chose rw = fs = th, represents a very sim- 
ple example of non-minimal UED with only four free parameters (R,rE\v, m h, t^b)- In 
this scenario, the LKP is the KK photon for all allowed values of tew- For our second 
parameter choice, r B = r w = r g ^ r H , we showed that the parameter space allowed 
by the electroweak constraints includes regions where the LKP is changed from a KK 
photon to either a KK charged Higgs a ±< - 1 ' ) (which as a charged LKP is disfavored) or the 
KK Higgs h^ 1 '. The KK Higgs provides a new dark matter candidate in UED models. 
For a compactification scale of R^ 1 = 1 TeV, the LKP parameter space is strongly 
restricted, but it is opened up considerably for a compactification scale of R^ 1 = 2 TeV. 
In our final scenario with r\y ^ r# = = r#, we showed that a H^^-like LKP can 

15 With the content of this article, including a BLKT for the gluon is straight forward. This would 
reduce the KK gluon mass to the scales of the electroweak KK partners while still keeping the fermions 
heavy. This would realize a UED scenario which shares many qualitative features with split supersym- 
metry |25j . 
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easily be achieved within the bounds on the zero mode spectrum studied in this article. 
W 3 ( 1 )-like dark matter presents another new UED dark matter candidate which is rarely 
considered in the literature, so far@ With the tools provided in this article (specifically 
in Appendix [Ql . and the sample studies of Section detailed studies of models with 
other non-minimal parameters (r\y , r b , r h , are straight forward. Beyond providing 
calculational examples, Section provides an instructive overview of the effects of BLTs 
on the electroweak sector of non-minimal UED at tree-level. 

The work presented here is meant to be a small step towards a more complete 
mapping of the UED parameter space. We made the simplifying assumption that the 
boundary and bulk VEVs coincide which allowed us to expand around a flat VEV. For 
a general treatment, this assumption needs to be relaxed. We did not address boundary 
localized kinetic fermion terms in this article. All analysis presented in this article is at 
tree-level with BLTs only. On the contrary, the analysis of Ref. [10] is at one-loop level 
but ignoring non-zero BLTs at the cutoff scale. For a complete treatment of UED as 
an effective field theory a consistent description of UED with loop corrections in the 
presence of BLTs is needed in order to study constraints on the full UED parameter 
space along the lines of Refs. [21 El El E] • In the light of upcoming LHC data and dark 
matter searches, a more complete mapping of the UED parameter space is needed in 
order to investigate the potential of UED to explain new signals and also to allow for an 
honest comparison of UED with other Standard Model extensions, e.g. along the lines 
of Refs. [IS]. 
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Appendices 

A Review and reformulation of electroweak symme- 
try breaking by a bulk Higgs on S 1 /^ 

In this appendix we reformulate the gauge fixing procedure of Ref. [17] along the lines 
of Ref. [23]. This reformulation will enable us to generalize the gauge fixing procedure 
and the identification of the Goldstone modes and the physical Higgs modes to the 
electroweak sector of UED in the presence of boundary kinetic terms for the gauge and 
Higgs fields, which is presented in Appendix Q3J 

16 To our knowledge, the only more detailed investigation of W^Mike dark matter and Higgs UED 
dark matter can be found in Ref. [14] , which assumes couplings of the LKP that are not modified by 
non-trivial wavefunction overlap integrals. 
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A.l The 5 dimensional abelian Higgs model 

In order to present the method in the simplest setup first, consider the UED action of 
an abelian gauge field on S ,1 /Z 2 , spontaneously broken by a bulk Higgs field 



S 



EW,bulk 



s + s_ 



H 



i3) 



with 



d 5 x 



A A MN 



S 



H 



J d 5 x ({D M H)\D M H) + fi 2 H^H - X(H^H)' 



M) 
55) 



where the covariant derivative is Dm = Qm — \Am- The 5 dimensional Higgs boson 



acquires an vacuum expectation value (VEV) v = y jl 2 / A, and makes the 5 dimensional 
vector particle Am massive. Now we can expand the 5 dimensional Higgs about the true 
vacuum 

H = -±= (v + h + i X ) (86) 

where h is the physical scalar Higgs boson while \ is the pseudo-scalar Higgs component. 
To eliminate the bulk mixing term between the vector mode and the scalar modes 
A 5 and x we can use the gauge fixing action 



S, 



GF 



1 



d»A, - U ( d 5 A 5 - g ^- x 



17) 



which helps us identify the Goldstone mode as 

G = d 5 A 5 - —x- 



(88) 



Variation of the action yields the following equations of motion 
[□ - d\ + 2/a 2 ] h = 



1 - — I 



A^ = 



| /X --(l-U)d 5 A 5 = 0. 



(89) 
(90) 

(91) 

(92) 



Subtracting g 2 times Eq. ( I9TT) from <9 5 times Eq. ( 1921) eliminates the £a dependent part 
and allows us to identify the physical pseudo-scalar [T7j 



a = -d 5 x + 2^5, 



(93) 
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whose equation of motion is given by 



u-dl 



g 2 v 2 



(94) 



In unitary gauge, £4 — > oo, the Goldstone mode decouples and the resulting equations 
of motion of the remaining fields are 



A„ = 



[□ - dl + 2fi 2 } h 
G = 



(95) 

(96) 
(97) 



The boundary conditions for the fields h, A^, and a are determined by demanding 
the variation of the boundary action to vanish. Before doing so, the remaining gauge 
freedom can be used to eliminate the boundary mixing term between and A?, by 
adding the boundary gauge fixing term [23] 



S, 



GF,b 



d A x(-^-^(d,A» + U, b A 5 f). 



The variation of Eqs. (|83l) . ( lH71) and (1981) in unitary gauge on the boundary yields 



(98) 



5S, 



tot,b 



d 4 x ( —d^hdh + 



9" 



1 



t,A,b 



5A P 



+ ^ [-UbA 5 ] SA 5 + aS X 



9' 



(99) 



Taking ^A,b — » oo, and using the definitions of G and a in Eqs. (I88II93I) . the bound- 
ary conditions following from Eq. fl99|) correctly reproduce the standard UED boundary 
conditions 



d 5 A^ 
A 5 
d 5 h 






0. 



(100) 



which have been used in Ref. [T7] as a starting point to derive the KK-decomposition of 
the UED model. 

In the presence of additional boundary terms the bulk equations of motion Eqs. (1951) - 
(1971) are unchanged, but the boundary variations and therefore the boundary conditions 
on the KK wavefunctions are altered and affect the wavefunctions and mass spectra. We 
discuss the effects of boundary localized kinetic terms for gauge and the Higgs field in 
Appendix [Bl 
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A. 2 Generalization to SU{2) x U(l) 



It is straightforward to generalize the results of the previous subsection to electroweak 
sector of UED. The only complicating factor is that the bulk action Eq. ([1]) contains 
mixing terms of the U(l) and the electrically neutral SU{2) gauge field oc v 2 B^W^ due 
to the Higgs transforming under both U(l)y and SU(2)l. 

In the absence of any BLTs as discussed here, or if the boundary terms introduced 
induce the same mixing as the bulk terms, the mixing term can be removed by rotating 
into the 5 dimensional Z^ basis given by0 



Zm 
Am 



V9y + M 
i 



3 K W 3 M - B M ) 



W M + —ts 



9y 



V9y + 9% \92 
The bulk equations of motion in the Z^, A^ basis are 



M 



□ - dl + ^f ) if - d»d v 



W ± 



□ - dl + 



5 "> i 



[(□ - df) rf - d"d u ] A^ = 
[□ - dl + 2/i 2 ] h = 



□ - $ + 



,2 , (9y+3j)^ 2 
5 H 4 



G± = G 3 = Gy 

where the fields a, a*, G 3 , G*, Gy are defined by 



a = 
0. 







a 


= d bX Z + \z, 


G\y± 


= d 5 wt + ^x 


G z 


= d 5 zi + { & + 2 


Ga 


= d 5 A 5 . 



-x 



(101) 

(102) 

(103) 
(104) 

(105) 

(106) 
(107) 



(108) 



The boundary conditions are determined from the variation of the boundary action. 
In the absence of any boundary terms other than terms arising from partial integrations 

17 Note that in this basis, the 5 dimensional kinetic terms of Zm and Am are canonically normalized, 

„• a 1 A AMN 1 7 rrMN 

i.e. i> D — jAmnA — j/jmn^ 
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used to derive the bulk equations of motion, they read 

d 5 W± = — 



dsZp = Z 5 = 

<9 5 A„ = A 5 = 

5 5 /i = d 5X 3 = 0, (109) 



as expected. 



B UED with boundary localized terms 

The reformulation of the gauge fixing procedure developed in the last section enables us 
to incorporate the BLTs of Eq.( |24"|) . The aim of this section is to derive the boundary 
conditions of all fields in the electroweak sector which we use Sec. H] in order to calculate 
the wavefunctions and mass spectra. For illustration we again discuss the abelian model 
first and then outline the changes when generalizing to the full electroweak sector. 

B.l The abelian Higgs model in the presence of boundary 
terms 

Expanding the abelian analog of the action in Eq. (|24|) around v to quadratic order yields 
the boundary terms 

Sblkt,h = J d 5 x [5(y) + S(y - ttR)) x (^fd.hd^h - rfh 2 

+ - ^2 A ^ ~ r -Y^A, x - r f (0 2 a,aA . (no) 

The brane localized mixing of the gauge field with \ can be eliminated by using a brane 
localized gauge fixing term 

d^ + { b (A 5 + r -*^ X )] • (HI) 



2&<r 



The boundary variation from Eqs. f[9"§ llll0illlip in the gauge £& — > oo yields the boundary 
conditions 

(d 5 +r H + 2i4)h = (112) 

d 5 + r A [D n ^-dM+r B (^j y \A v = (113) 

,1, • ~^~y~~\ = (114) 

-r H n X -d 5X +lA 5 = 0. (115) 
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The Higgs and gauge boundary conditions are decoupled, and can be used to derive the 
KK decomposition (see Sec. HJ). 

The boundary conditions for X and A 5 mix. In the following we show how to identify 
the physical pseudo scalar mode a consistent with our bulk identifications Eqs. (I88II93I) 
and the boundary conditions from Eqs. (I114|I115I) . We start from the bulk equation of 
motion for a Eq. (I106p . As G = in unitary gauge, we know that 

d 5 A 5 = (116) 

Using this equation, which holds for any y, we can manipulate Eq. ( 191T) to get the bulk 
equation of motion for A^ 

,2 , 9 2 v 2 



n-di + »—)A 5 = 0. (117) 
The boundary variation Eq. (I115P together with Eq. (11161) implies boundary conditions 

(A 5 + ^ X 3 )|o^ R = (118) 

j (A 5 + r H d 5 A 5 )\ y=7rR = 
^ \ (A 5 - r H d 5 A 5 )\ y = = 0. liiyj 

The problem of finding the KK decomposition of A 5 is reduced to solving Eq. (11171) 
with boundary conditions (11191) . which again resemble the structure discussed in Secj3] 
and can be solved for in the same way. The solution for a is proportional to the solution 
determined and can be found from it by using Eqs. (1931)1 16p . The normalization condition 
for a follows by collecting the kinetic terms for A 5 and x from the 5D action and using 
Eqn. ffTT6D 

SC J d 5 x^d,A^A 5 + \d^x[l + r H (S(y) + 5(y - nR))} 
= j d 5 x^d,A^A, + l^J^d^d 5 A 5 d"d 5 A 5 [l + r H (5{y) + 6{y - nR^UO) 
implying the normalization condition for a via 

5ij = iJ dy i ftf ' + ^ f[a ^ (1 + th [5{y) + 6{y ~ 7^m } , (121) 

where we defined rh a = gv/2. 



18 This solution is consistent with the boundary condition on \ YVl (HH1) : Imposing Eq. (|118[) on 
the boundary, Eq (|114[) reads 



(A n A 5 -5 5 x+^A 5 )| 0)W R = 0. 
9 v ^ 

Using Eq (|116[) this becomes 



□ -5 5 2 + ^bl-, = i) 



i.e. the bulk equation of motion (| 1 1 T[) which is satisfied everywhere. 
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B.2 Boundary terms and spontaneously broken 577(2) x £7(1) 

The main difference compared to the abelian case again arises due to — mixing. 
In Sec. \A.2\ we were able to diagonalize the bulk action because the kinetic terms had 
a global i7(l) symmetry involving the and fields which was broken by the Higgs 
VEV. With the addition of the boundary terms, the global U(l) is broken, unless r# = 
rw, and hence the basis in which the kinetic terms are diagonal differs from that in which 
the bulk mass terms are diagonal. 



If tb = r w = r EW} the generalization of the previous section is straightforward. 
Working in the Zm,Am basis defined in Eq. (1321) . the bulk equations of motion for all 
fields are given in Eqs. fllOltilOTT) . The boundary terms in this basis read 



Sblkt,b = j d 5 x [5(y) + 5(y - ttR)} (--^A^ - ^Z, V Z^ - ^W+W 



2 2 

The boundary conditions for Wj^, Z M , and are all decoupled. For and Z^ and the 
associated physical Higgs modes a ± , a , the discussion and results of the previous section 
apply with the simple replacements ta — > tew and g — > <j2 or respectively g — > y/fjy + g\- 
Note, that again we find non-flat zero modes for the gauge bosons unless r EW = r H . 

For the photon A^, no bulk and boundary mass terms are present. The zero mode 
of the photon is flat and massless, while the higher KK mode masses are reduced in 
the presence of the boundary kinetic term. Finally, the Higgs boundary conditions are 
unaltered as compared to the abelian case, so the expressions of the last section hold 
unmodified. 



The general case r w ^ r B is discussed in Sec 15.31 



C Summary of wavefunctions and mass spectra in 
the electroweak sector 

For convenience, we summarize the mass spectra and wavefunctions for all fields in the 
electroweak sector in this appendix. For the neutral gauge sector, we give the expansions 
in the A^ — Z^ basis which we use in the special case rw = tb, as well as in the — 
basis. In the B^ — W^, the — mixing is treated as a mass insertion, i.e. after 
expanding in the B^ — KK basis given here, the off diagonal contributions from 
B^ — Wjl mixing has do be calculated after KK decomposing, and the resulting mass 
matrix has to be diagonalized as outlined in Sec. 15.31 
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Table 1: Substitutions needed to convert the results of the 5 dimensional massive scalar 
in Section [3] in those for the electroweak fields. 

We give all equations in terms of the parameters rj, gj, mj which are listed in Tabled] 
for the respective electroweak fields. 

The general form of the wavefunctions is given by 
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(124) 



where 
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/(«) 



m 



-M 2 (a) + mj 



1i„) — M 2 (n) + mj, 



(125) 



The mass determining equations are 

bi = 






m , s ttR 
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, and 





a even 
a odd 



K = < ^/^b. R ' H 6Ven (126) 



COt r lW n ) 71 Odd. 



, r H m (l) -2fi b r G m (l) - r H m G ±, r— : — - 

# = = = = ff = A G) = if =W|mJ ±i0(4) -m2 ±1 o|. (127) 
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where i, j G {a,n} for the Higgs h, the additional Higgs degrees of freedom a ±,Q , any 
gauge fields G G (W^ 3 , B,Z,A). 

The normalization conditions are 

Sij = Jdvftff(l + r E [5(y) + 8(y-nR))) (128) 

Sij = 4 [dyf°ff(l + r d [5(y)+S(y-7rR)}) (129) 
9i J 

Sij = j dyff' A ff' A (l + r EW [S(y)+S(y-7rR)}) (130) 

s^ = -Jdy {/;' "/;' "' + -^ft°f'r C 1 + [%) + % " '( 131 ) 

where G denotes gauge fields G G (ly 111 ' 3 ,!?). The difference in normalizations in the 
W — B basis and the Z — A basis of Eq. (132]) arises because in the latter, the 5 dimensional 
kinetic terms are canonically normalized already, i.e. S D — \AmnA mn — ~ZmnZ mn . 
The normalization conditions for a ±,ci follow as in Eq. (112ip . 
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